Selector is considered as a promising solution to solve sneak-path current for high-density 3-Dimensional (3D) memories. However, bidirectional selector with fast speed and long lifetime is still extremely needed. In this work, 2D material of graphene oxide containing epoxide, hydroxyl and carboxyl (-COOH, -OH, >C=O) is assembled with HfO 2 to form a flexible bi-layer selector. Interestingly, the selector exhibits excellent uniformity, fast switching speed (∼160 ns) and remarkable endurance of ∼5×10 8 cycles. Moreover, no performance degradation is observed for more than 10 3 times with the bending radii ranging from 40 mm to 20 mm. The high uniformity and excellent endurance may be attributed to the insulating interface layer at the HfO 2 /GO interface, which plays a vital role on the connection/disrupt of conductive filament (CF). Thus, the incorporation of GO into HfO 2 selector may be a feasible way to achieve a promising HfO 2 -based selector, which have potential applications in high-density 3D integration for flexible electronics.
I. INTRODUCTION
Memristors have recently attracted considerable attention for the most possible practical memory application and neuromorphic computing applications because of simple structure, scalability and similarity with biological synaptic behavior [1] , [2] . One of the major obstacles for 3D integration of memristors is the sneak-path problem, which would cause the wrong readout from neighboring cells [3] , [4] .
To solve this issue, a selector device is required, which is in series with the memory cell. The formed architecture is called one selector-one resistor (1S1R) [5] , [6] . The selector is characterized by nonlinear electronic behaviors. That is, it sustains a high ON current sufficiently driving the connected memory cell applying the operating voltage, while ultralow OFF current flows through the selectors at half of this voltage. For the selector cell in the 1S1R crossbar architecture, many researches aim to achieve high performances such as high operating current, fast switching speed and excellent endurance [7] , [8] . Concerning the pulse endurance property, since Resistive random access memory(RRAM) can be repeatedly operated beyond 10 7 cycles in general [9] , [10] , the endurance of the selector needs to exceed 10 7 cycles in order to match the requirement of RRAM. It has been reported that an ovonic threshold witching (OTS) selector with W/SiTe/W structure presents low leakage current and the endurance of 10 8 cycles [11] . Moreover, the uniformity is another important aspect for the selector application because the unsatisfactory uniformity will cause a narrow read region. Pt/VO 2 /Pt selector [12] , so called metal insulator transition (MIT) selector, has shown very fast switching speed of <20 ns and high pulse endurance of 10 7 cycles, but the poor thermal stability (only 67 • C) severely limited its applications.
2D material of graphene oxide (GO) has been applied into various devices including RRAM, sensor and transistor because of simple fabrication process, good stability and mechanical flexibility [13] - [15] . Moreover, the presence of various oxygen functional groups containing epoxide, hydroxyl and carboxyl (-COOH, -OH, >C=O) in GO layer has been reported to enhance the RS performance for RRAM devices [16] - [17] . In this work, GO is assembled with HfO 2 to form a flexible bi-layer selector with a Pt/HfO 2 /GO/ITO structure. Electrical properties of this selector have been examined. The mechanical flexibility test on selector device is also discussed. Besides, the Pt/HfO 2 /ITO device was fabricated for comparison.
II. EXPERIMENTAL
The flexible selector device was fabricated on polyethylene naphthalate (PEN) substrate with 200 nm thick ITO coated. 6.8 nm GO inserting layer was prepared with spinning coating into ITO substrate. After that, 20 nm HfO 2 was deposited by magnetron sputtering in Ar atmosphere. Finally, 200 nm Pt was deposited by direct current magnetron sputtering, serving as top electrode. The diameter of the Pt/HfO 2 /ITO device was 100 um.
The prepared GO film was characterized by Raman spectroscopy measurements with Renishaw in Via Micro-Raman Spectrometer. Cross-sectional specimens of operated devices were prepared using a dual-beam focused ion beam (FIB, FEI Helios NanoLab 600). The composition of the deposited films and device structure were characterized by Cs-corrected transmission electron microscopy (TEM, JEOL JEM-ARM300F) with energy dispersive spectroscopy (EDS) at 200 kV. Electrical characteristics were measured using an Agilent B1500 semiconductor parameter analyzer. The switching speed and endurance characteristic of the selector were measured with the Keithley 4200A-SCS instrument. All measuring voltages were applied to the top electrode (Pt) and the bottom electrode (ITO) was grounded. All electrical measurements were performed in air conditions.
III. RESULTS AND DISCUSSION
An asymmetric Pt/HfO 2 /GO/ITO structure is exhibited in Fig. 1(a) . In this structure, GO film was prepared on the ITO coated PEN substrate by spin coating method. By controlling the concentration of GO dispersion solution and spin speed, the optimal thickness of approximate 7 nm was obtained, as observed from high angle annular dark field (HAADF) image in Fig. 1(c) . The thickness of the HfO 2 is about 30 nm. Fig. 1(b) shows the intrinsic characteristics of GO films using Raman spectroscopy. The typical D bands (∼1360 cm −1 ) and G bands (∼1580 cm −1 ) are observed, which correspond to the existence of sp 3 and sp 2 hybridized carbons in the GO film, respectively [18] , [19] . Clear HfO 2 /GO and GO/ITO interfaces without void are obtained in the device, as shown in Fig. 1 (c) . It should be noted that the distribution of C and O looks homogenous in the device, as displayed in Fig. 1(c) , because they are too light to be accurately detected using EDS analysis. [20] , [21] . The device suddenly changes to the low-resistance state (LRS) as the voltage reach ∼2.5 V (threshold voltage, V th ). Decreasing the voltage, the resistance hardly changes until ∼1.5 V (hold voltage, V hold ), after which the cell returns to highresistance state (HRS). This I-V curve directly show that the Pt/HfO 2 /GO/ITO device presents volatile behavior. Thus, this kind of device is a selector rather than RRAM. The later shows intrinsically different electronic performance, as shown in the Pt/HfO 2 /ITO device in the Fig. 2(c) . After the transition from HRS to LRS using a voltage of >1.5 V, the cell keeps in the low-resistance state even as the voltage is removed. The compliance current of 3 mA is applied in the measurement. No V hold is observed in the cell, owing to the formation of stable oxygen vacancy filaments [22] . Applied negative voltage, these filaments would be ruptured and then the HfO 2 -based RRAM switches back to the HRS. In contrast, the HfO 2 /GO-based selector shows asymmetric I-V performance using negative voltage, as shown in Fig. 2(a) . This means that the selector has bidirectional threshold switching feature. The change of the electronic performances after the introduction of GO layer in the HfO 2based device may be attributed to the formation of insulating interface layer (IIL) at the HfO 2 /GO interface under applied voltage. The role of GO layer in the HfO 2 -based device contributes to the formation of IIL between HfO 2 and GO under an applied voltage. The formation of IIL can control the separation and combination of oxygen vacancies and oxygen functional groups corresponding to the connection/disrupt of CF. The formation of IIL originates from the combination of oxygen vacancies and oxygen functional groups in GO film, which was also found in Al/GO/Al and Au/GO/Al devices, where the interface layers form between GO film and electrodes [23] , [24] . Unfortunately, EDS analysis failed to get the direct evidence owing to the small atomic number of oxygen and the low concentration of these oxygen formed interface layer.
Interestingly, the HfO 2 /GO-based device shows improved repeatability, as shown in Fig. 2(a) . Only slight resistance fluctuations for both HRS and LRS are observed within 100 repeated operations. Also, the operation voltages (V th , V hold , V -th , V -hold ) exhibit high uniformity, which can be further illustrated through the cumulative distribution of the switching voltages in Fig. 2(b) . Here, the coefficient of variation is defined as δ/µ, where δ is the standard deviation and µ is the mean value. The coefficients of variations of the switching voltage (V th , V hold , V -th , V -hold ) are estimated to be only ∼5%, ∼2.5%, ∼3.5% and ∼4.5%, respectively. In contrast, HfO 2 -based RRAM device ( Fig. 2c and d) , the coefficients of variations of V set and V reset are much large, ∼16% and ∼11%, respectively. Also, for Pt/GO/ITO device, no obvious resistive switching behavior or selector response is observed. From Fig. 2(a) , it is noted the selectivity of selector device, which is defined as the ratio of HRS and LRS currents at read voltage (V read ) of 2V and V read/2 of 1V, is calculated to be 1.2×10 3 . Normally, the selectivity of >10 3 is required for selector devices [21] . Indeed, the selectivity is not high, which may be further enhanced by device structure design or optimizing fabrication process. Therefore, it indicates that the insert of GO layer is a feasible method to improve the performance repeatability of HfO 2 -based device.
As the access device for the memory cell, fast ON/OFF switching speeds are also required. We connected the selector device in series with an external resistor (1K ), which was monitored by the oscilloscope. When the selector device was turned on, the voltage of external resistor would rise abruptly, which could be observed by the oscilloscope; When the selector device was turned off, the voltage of external resistor would decrease abruptly. As shown in Fig. 3(a) , applying a positive pulse with an amplitude of 3.5 V, the Pt/HfO 2 /GO/ITO device exhibits fast ON speed, ∼50 ns. Besides, the device switches back to the HRS within ∼160 ns by a 0.5 V read bias, as observed in Fig. 3(a) . Indeed, a much smaller voltage also would pass through the device with the subsequent read voltage pulse. This is because it also causes a sneak current, as shown in Figure 2 (a), although it is two order of magnitude smaller than ON current [6] , [25] . The operation speed is faster than the Ag doped HfO 2 selector without GO (75 ns/ 250 ns for ON/OFF operations [7] ). The overshoot at the falling edge is due to the charging/discharging effect.
In order to investigate the stability of the selector device, reliability tests were also performed. In the test, 1 µs/3.5 V pulse waveform and 1 µs/0.5 V read pulses were used, together with 2 µs wait time. As shown in Fig. 3(b) , the Pt/HfO 2 /GO/ITO selector can be repeatedly switched for >1×10 8 times with a stable OFF current. Here, the ON current was limited to 10 mA. Although OFF current fluctuates between 10 −5 and 10 −6 A after 10 8 cycles, the cell can still be successfully programming until ∼5×10 8 cycles, after which the cell sticks in the HRS. Thus, Pt/HfO 2 /GO/ITO device can show much longer device lifetime, over 5×10 8 cycles, compared with ∼1×10 8 cycles of HfO 2 selector without GO [7] . This directly indicates that the addition of GO layer greatly prolongs the selector lifetime.
To check if the Pt/HfO 2 /GO/ITO selector can be applied for flexible electronics or not, the influence of the mechanical stress on selector performances were also tested, the result of which are presented in Figure 4 . Fig. 4(a) exhibits the ratio of LRS/HRS with different curvature radii ranged from 40 mm to 20 mm for the selector. Meanwhile, Fig. 4(b) shows the ratio of LRS/HRS after bending 10 3 times for the selector under tensile strain with 20 mm bending radius. No obvious performance degradation is observed, implying excellent mechanical flexibility of the selector. The above results indicate that bi-layer Pt/HfO 2 /GO/ITO selector has excellent uniformity and mechanical flexibility, which can be applied in wearable electronic devices.
IV. CONCLUSION
In summary, high uniformity of less than 5% variation coefficient and remarkable pulse endurance of 5×10 8 cycles, as well as ∼50 ns/∼160 ns ON/OFF speed have been achieved in a flexible bi-layer HfO 2 /GO selector device. Besides, the ON/OFF ratio of device was less than 20 % change after bending it for 10 3 times, implying excellent mechanical flexibility of the selector. The volatile behavior of the HfO 2 /GO-based device may attribute to the insulating interface layer at the HfO 2 /GO interface, which plays a vital role on the connection/disrupt of conductive filament. Since the EDX analysis fails to detect the insulating interface layer owing to the limitation of the technique, other advanced techniques are required for providing direct evidences. Our work proves that the flexible bi-layer HfO 2 /GO selector with fast speed and excellent endurance has potential applications in high-density 3D integration for flexible electronics.
